A comparative study on the physicochemical properties of tungsten oxide (WO 3 ) thin films synthesized using peroxotungstic acid (PTA) and ammonium tungstate (AT) by simple spray pyrolysis technique is reported. X-ray diffraction patterns show that the films deposited using both the precursors are polycrystalline with monoclinic crystal structure. The x-ray photoelectron spectroscopy studies confirm that the films are sub-stoichiometric with O/W ratios of 2.93 and 2.87, respectively, for typical PTA and AT films. Tungsten (W) exists in two chemical states, 5+ and 6+. Scanning electron microscopy images show the uniform and dense network of wires in PTA films, while the films deposited using AT possess a porous structure with small grains. Electrical and dielectric studies show that films are highly resistive and possess high dielectric constant. The near ultra-violet, blue, green and weak red emissions due to defects were observed in the photoluminescence studies. Properties of the WO 3 thin films reported here are suitable for gas sensor applications. Films deposited using PTA are more functional than those deposited using AT.
INTRODUCTION
Controlled growth of semiconductors for the design of gas sensors has become an area of immense interest. The application of semiconducting tungsten oxide (WO 3 ) is spreading over a wide range of areas such as electrochromism, electrophotocatalysts, gas sensors, light-emitting diodes and for hydrogen production. [1] [2] [3] [4] [5] [6] Much of the earlier work focused on electrochromism of WO 3 . Nowadays, WO 3 is being used as a gas sensing material for oxidizing as well as reducing gases. As the structure and properties of the thin film are significantly different from its bulk phase, it is worth making an attempt to study the transformations in physicochemical properties of thin films with respect to preparative parameters. It is well known that the properties and applications of low-dimensional materials such as thin films and nanostructures are mainly governed by the crystal structure, chemical composition, surface morphology, chemical and thermal stability, porosity, and phase stability of the resulting structures, and the preparation conditions. [7] [8] [9] Several thin film deposition techniques such as sputtering, 7 solution thermolysis, 9 chemical vapor deposition, 10 thermal evaporation, 11 spray pyrolysis, 12, 13 etc. have been used to synthesise WO 3 thin films. Microstructure modeling provides an idea that the morphology of a gas sensor must show a high proportion of surface atoms to bulk atoms for better responses by the sensors. 14, 15 The factors influencing the sensitivity of a gas sensor include grain size and charge carrier concentration of the material, 16, 17 which decide the probable application and efficiency of the material. Qin et al. 18 prepared a network of WO 3 nanowires for sub-ppm and ppb level nitrogen dioxide (NO 2 ) sensing at a low operating temperature (125°C). Single crystalline potassium-doped WO 3 nanosheets were synthesized simply by heating foil of tungsten (W), and high sensitivity towards H 2 S and acetone was reported by Zhang et al. 19 A scalable and general route for synthesizing nanowires of titanium oxide, tin oxide, zinc oxide, copper oxide and tungsten oxide for gas nanosensors has been reported. The nanowires were synthesized via sputter deposition of correlative metals over single walled porous carbon nanotube templates followed by oxidation. The response towards N 2 and H 2 detection at different operating temperatures was tested. 20 NO 2 sensing properties of the sensors based on solvothermal synthesis of W 18 O 49 nanowires and nanorods were investigated over 100-250°C operating temperature for gas concentrations ranging from 1 ppm to 20 ppm. 21 A high response was achieved at 150°C operating temperature and the maximum is observed for nanowires rather than nanorods due to the high specific surface area.
In the present study, we report the comparative studies on the physicochemical properties of WO 3 thin films synthesized using two precursors, peroxotungstic acid (PTA) and ammonium tungstate (AT) by the spray pyrolysis technique. Also, the effect of substrate temperature on the physicochemical properties of the films was simultaneously carried out.
EXPERIMENTAL

Materials Synthesis
WO 3 thin films were synthesized using two precursors, AT and PTA, by a simple cost-effective spray pyrolysis technique. AT was prepared by dissolving tungstic acid (H 2 WO 4 , 0.187 g) (S.D. Fine Chemicals, Mumbai, India) in 20 mL of ammonia solution (NH 4 OH) (Thomas Bakers) at 80°C, and then it was diluted to 10 mM concentration. 0.5 M PTA was prepared by dissolving W metal powder (Loba Chimie , Mumbai, India) in 30 mL of hydrogen peroxide (H 2 O 2 , 30%). This solution was kept in an ice bath for 1 h to control the exothermic reaction. Then, it was rigorously stirred for 48 h at room temperature until all the powder was completely dissolved. The PTA thus formed was then diluted to 10 mM using double-distilled water. Colorless AT and yellow-colored PTA solution were then separately sprayed onto the preheated corning glass substrates at different temperatures ranging from 400°C to 475°C in a locally fabricated spray deposition system. All other optimized parameters of the spray deposition, such as nozzle to substrate distance (28 cm), solution concentration (10 mM), solution quantity (75 mL) and spray rate (4.5 mL/ min), etc., were kept constant.
Material Characterization
To identify the crystal structure, thin films were characterized by x-ray diffraction (XRD) technique and the diffraction patterns were recorded using a Rigaku Miniflex II x-ray diffractometer using Cu K a radiation of wavelength 1.5406 Å . A monochromatic x-ray beam of energy 1253.6 eV was used for the x-ray photoelectron spectroscopy (XPS) study (XPS; Physical Electronics PHI 5400, USA) of the films to obtain information about the chemical composition and valence state of the elements. Surface morphology and topography of the films were studied using scanning electron microscopy (SEM; Model JEOL JSM-6701F, Japan) and atomic force microscopy (AFM; Digital Instrument, Nanoscope III). Absorption spectra obtained from a UV-Visible spectrophotometer (UV-Vis Spectrophotometer, Shimadzu) was used to calculate the optical band gap. To study the defects in the thin films, room temperature photoluminescence (PL) spectra were recorded using a Perkin-Elmer luminescence spectrometer (model: LS55). Electrical and dielectric measurements were performed using the Keithley 6514 electrometer and LCR meter (HP 4284-A), respectively. Thickness of the films was measured using surface profiler (XP-1 Stylus Profiler; Ambios Technology). Thermoelectric power was measured to check the type of electrical conductivity of the films.
RESULTS AND DISCUSSION
Reaction Mechanism
WO 3 thin films were deposited using two precursor solutions, AT and PTA, prepared using H 2 WO 4 and W metal powder in respective solvents. AT (10 mM) was prepared by dissolving H 2 WO 4 in ammonium hydroxide at 80°C until a clear solution was formed. The suggested chemical reaction is as follows:
AT was then sprayed onto the preheated glass substrates to form WO 3 thin films. Solvent evaporation and thermal decomposition of AT along the temperature gradient in the spray deposition system resulted into WO 3 formation 22 :
PTA was prepared by dissolving 3.04 g of W metal powder in 30 mL of H 2 O 2 (30%) in an ice bath to control exothermic reaction, and then stirred for 48 h until a clear yellowish solution was formed. Finally, the solution was diluted to 10 mM concentration. The PTA was formed as WO 3 AEn H 2 O 2 AEmH 2 O and the value of n and m could be determined by iodometric titration and TG analysis. 13 Pyrolytic decomposition of PTA occurs on the substrate to form WO 3 . The chemical reactions involved in the synthesis are as follows:
Usually, when n is less than 0.1, PTA precipitates as yellow colloids, which is not acceptable in the spray pyrolysis technique. 13 Typically, partial decomposition occurs within the aggregates of the precursor solution by the evaporation of the solvent in the air due to the temperature gradient. Nucleation and growth of the film starts when the partially decomposed residue reaches the substrate and subsequent crystallization results in crystalline WO 3 thin films.
X-ray Diffraction Studies
Crystal structure and phase identification of WO 3 thin films were carried out using XRD analysis. Figure 1 shows the XRD patterns of thin films deposited at different substrate temperatures. The XRD patterns of the films match well with standard data (JCPDS card no. 43-1035), confirming the monoclinic crystal structure. Intensity of the XRD peaks is lower for the film deposited at 400°C due to the insufficient thermal energy required for decomposition. When the deposition temperature was increased to 425°C, the intensity of diffraction peaks increased and further decreased for higher substrate temperatures (450°C and 475°C). At higher substrate temperature, the solution decomposes before reaching the substrate surface due to the high thermophoretic force which results in decrease of the film thickness. AT films show intense doublet oriented along the (020) and (200) planes while PTA films show a preferred orientation along the (200) plane. Crystallite size was calculated using the Debye-Scherer formula 23 and is presented in Table I film deposited at 425°C substrate temperature, and it is seen to be increasing at higher substrate temperatures.
The crystalline component in thin films is one of the critical parameters determining the behavior of the films. Figure 2 shows the percentage of crystalline and amorphous components of the films with respect to substrate temperature. The maximum crystalline component is observed for the films deposited at 425°C. Thus, we conclude that the optimum temperature for the formation of highly crystalline monoclinic WO 3 thin films is 425°C. The percentage of the crystalline component was measured using formula 24 :
%C ¼ ðarea under the curve=total areaÞ Â 100 (5) where area under the peak is the summation of the area under all the XRD peaks and total area is the area under the complete XRD pattern. We have calculated % C by considering the peaks within the 2h range of 20°-60°. Before calculating the percentage of the crystalline component, an empty background run was subtracted in order to get the utmost accurate value of the crystalline and amorphous components. The crystalline component in the films is increased up to a substrate temperature of 425°C and then decreased thereafter, as seen in Fig. 2 . This is attributed to the decrease in film thickness at higher substrate temperatures which in turn decreases the crystalline component. 25 
X-ray Photoelectron Spectroscopy
Survey and detailed scan x-ray photoelectron (XP) spectra for the W 4f, O 1s of AT-and PTA-based WO 3 thin films deposited at 425°C substrate temperatures are shown in Fig. 3 . The quantitative analysis is carried out by survey scan XP spectra for identifying the elements and their stoichiometry. The observed O/W ratio is 2.87 and 2.93 for the AT and PTA films, respectively. Survey scan spectra of the AT and PTA films show various peaks belonging to the core levels of the W, O, C and Auger electron transitions. The appearance of a peak at 975 eV in both spectra is due to OKLL Auger electrons transition. The appearances of binding energy (BE) peaks of hydroxyl groups, surface oxygen or especially of carbonates is common, as seen in Ref. 26 . Here, the C 1s BE line is used as an internal standard for the estimation of the value of the peak position. C 1s is present due to the contamination during sample handling before XPS measurement. 26 BE peaks of various core levels of W confirm that W is present in the oxidized state. 27, 28 BE values of the core levels are in good agreement with that of the sub-stoichiometric WO 3 . Table II lists the BE values of subshells of the fourth orbit of W. These values are higher than those for elemental W and less than that for stoichiometric WO 3 . This removes the possibility of the existence of W in metallic state and indicates that WO 3 films have oxygen vacancies, while the same is confirmed from the PL studies. It is also noticed from the PL studies that the density of oxygen deficiency is larger for the AT-based films than that for the PTA-based films. The doublet separation for different core levels of W for both precursors is in accordance with the reported values. The narrow scan deconvoluted XP spectra of O 1s core level of PTA-and AT-based films are shown in Fig. 3d and e, respectively. A distinctly asymmetric peak having broad linewidth with a shoulder at the higher BE side is observed for both the spectra. This result is due to the adsorption of water onto the surface whose component is obtained by deconvoluting the spectra. The peak at the lower energy level is assigned to the O bonded to W 29 and that at the higher energy value is assigned to the adsorbed water 30 on the film surface. 
Scanning Electron Microscopy
Figure 4 reveals a uniform microstructure (inset of Fig. 4c and d ) of networked wires of 1-4 lm length for PTA-and AT-based films. These wires are densely grown and randomly distributed all over the surface. The solution droplets continuously collide and decompose onto the substrate surface. Consistent overlapping of the droplets onto each other form a wire-like morphology with the wires separated at a distance of the diameter of the drop size. Further, the images highlight that the grains emerging out on the wires are larger in number for the AT-based films as compared to the PTA-based films. AT-deposited thin films show uniformly deposited homogeneously dispersed wires and grains, whereas for PTA small numbers of grains are seen to cling to the wires. A dual scale structure is observed for the PTA-based films (at higher magnification) with the secondary wired structure possessing rods of different diameters having lengths around 1 lm. The disoriented network of wires makes the films porous. For the AT-based films, a dual scale structure is rarely observed at a few sites. WO 3 films deposited using PTA show a more dense structure than those deposited using AT. Structure densification occurring in the PTA-deposited films can be attributed to the acidic environment of the resulting solvent, enhancing the growth rate of the films. One common thing observed in both types of films is that, with the increase in substrate temperature, the density of the wire-network structure increased up to 425°C, making the films compact. Films deposited at higher substrate temperatures, i.e., at 450°C and 475°C, have morphological differences for both types of films, which is also seen in AFM studies. At lower substrate temperatures, the grain size is around 0.5 lm, whereas for the film deposited at higher substrate temperatures it is 0.1 lm. Spherical grains on the wires are observed for the AT films, while for PTA films no overgrown grains are visible.
Atomic Force Microscopy
The topography of the films was examined by AFM, recorded in tapping mode on a 3 9 3 lm 2 scan area (Figs. 5, 6 ). Root mean square roughness (R q ) is presemted in Table I . The roughness and grain size of the films is observed to depend on the deposition temperature and the choice of the precursor. Considerable differences are found in the values of roughness of the films deposited using PTA and AT. Films having a high roughness value have large effective surface areas which is a key factor for gas sensor material. It is observed that R q increases initially up to 400°C substrate temperature and then decreases with further increases in temperature above 425°C. Improved morphology and grain growth is observed for the film deposited at 425°C substrate temperature (Figs. 5b, 6b ). This is due to the availability of more nucleation centers at relatively higher thermal energy. R q is higher for the film deposited at 425°C. Some overgrown grains can be observed from the spikes in the whitish regions in the films deposited at lower temperature. This is due to the incomplete decomposition and slow growth rate of the films at lower substrate temperatures.
Optical Studies
Optical absorption spectra were recorded in the 300-1100 Ǻ wavelength range and analyzed using Tauc's plot to measure the band gap of the films. Figure 7 shows the absorption spectra of the WO 3 thin films with the insets showing the graphs of (ahm) 1/2 versus hm. It can be seen from the Fig. 7 that the optical absorption decreases with increase in deposition temperature. The decrease in absorbance for both types of films (PTA-and AT-based) at high substrate temperatures is attributed to the decrease in the film thickness. Further, as the surface roughness decreases at elevated deposition temperatures, the scattering losses are also reduced.
The absorption values for AT-deposited films are Effect of Substrate Temperature on the Properties of Sprayed WO 3 Thin Films Using Peroxotungstic Acid and Ammonium Tungstate: A Comparative Study higher than for PTA films. In contrast, the thickness of the AT films is lower than that of PTA films. The sharp increase in the absorbance of the films at 350 nm wavelength is due to the fundamental absorption edge of WO 3 . Also, it can be seen that the absorption edge is slightly shifted towards a lower wavelength with increases in substrate temperature, probably due to the band tailing effect. 31 The measured band gap values are in good agreement with the literature values. Slight variations of the band gap with respect to substrate temperature can be seen due to the variation in stoichiometry. Band gap values of the PTA-based films are higher than for the AT-based films. A more compact microstructure would have caused the higher band gap for the PTA-based films. 32 Visible PL at room temperature has been the focus of numerous studies, which have revealed information about the types and density of defects. 33 Figure 8 shows the PL spectra of the PTA and AT films excited by 325 nm wavelength, and the insetd show deconvoluted fitted PL spectra of the typical WO 3 thin films. Individual contributions of the near ultra-violet (NUV), red, blue and green color in the PL spectra is determined by deconvoluting and Gaussian fitting the peaks. It shows various emissions corresponding to various electrons transitions within the different types of defects. Similar types of defects are observed for both types of films. NUV emission peaks at the wavelengths 389 nm and 410 nm are due to the deep level oxygen vacancies in the WO 3 structure. It is normally observed that defects, especially oxygen vacancies, play a key role in deciding the gas sensing properties of the films. A fully oxidized surface is less susceptible than the surface with oxygen deficiencies (WO 3Àx ). Vacancies are commonly known to generate localized states near the fundamental band gap, either in the valence band or in the conduction band. A fall in the intensity of the NUV peak indicates a decrease in the density of oxygen deficiency with an increase in substrate temperature. These vacancies in WO 3 can generate three types of defect states, a hyperdeep one associated with the s-like bonding band, a highlying one associated with the s-like antibonding band, and a donor state associated with the valence bands near the fundamental band gap. 34 It is also noted that, with a decrease in the intensity of NUV peaks, peak intensity corresponding to band to band transition at the wavelength of 485 nm is increased.
Major differences observed in spectra are differences in the intensity of the band to band transition, which is relatively higher for the PTA films than the AT films. Similarly, the intensity of peaks due to oxygen vacancy are more than the band to band transition for AT films and vice versa for PTA films. Besides this, a blue emission at the wavelength of 466 nm, 496 nm was also observed. 35 Very weak red transitions due to the monovalent ions (H + ) at the interstitial sites were observed at 616 nm and 643 nm wavelengths. Tables III and IV list peak wavelengths and contributions of the peak in the p1  p2  p3  p4  p5  p6  p1  p2  p3  p4  p5  p6   400  389  410  446  465  486  500  389  409  438  465  486  496  425  389  410  441  465  486  497  390  409  438  465  486  496  450  389  411  443  465  486  495  389  407  433  466  486  495  475  389  412  444  466  486  493  389  406  434  466  487 Effect of Substrate Temperature on the Properties of Sprayed WO 3 Thin Films Using Peroxotungstic Acid and Ammonium Tungstate: A Comparative Study emission spectra, hence indicating the density of the defects. No measurable shift can be observed in the peak position of the films for the band to band transition and the deep level NUV transitions. For other transitions, a slight shift is observed for both types of films.
Electrical Resistivity
Measurements of the electrical resistivity can be considered as a mean to monitor the electrical properties of the films. In general, the electronic transport in transition-metal oxides can be understood by the hopping conduction mechanism of majority carriers (electrons) through the oxygen vacancies. We observed variations in the values of resistivity of the WO 3 films deposited using PTA and AT. The nature of the graphs of ln q versus 1000/T (Fig. 9a and b) reveals the semiconducting behavior of the thin films. As per the XPS studies, the ratio of the W 5+ /W 6+ is higher for AT (0.21) than PTA (0.18), giving rise to more free electrons and thereby reducing the electrical resistivity of the ATbased films. The activation energies calculated for the PTA-and AT-based films deposited at different substrate temperatures are shown in Table V .
Dielectric Constant
Dielectric measurements of WO 3 thin films with respect to frequency at room temperature are shown in Fig. 10 . Dielectric constant decreases rapidly at lower frequencies and remains nearly constant at higher frequencies, showing the dispersion of the dielectric constant at lower frequencies. The dielectric constant for the AT-based films is higher than that for PTA-based films. The dielectric constant at higher frequencies decreases when the jumping frequency of electric charge cannot follow the alternations of the applied electric field beyond a certain critical frequency. At higher frequencies, the losses are reduced and the dipoles contribute to polarization. 36 
CONCLUSIONS
The n-type sub-stoichiometric WO 3 thin films having wire-network-like morphology were synthesized by a simple cost-effective spray pyrolysis technique. The effect of substrate temperatures on the properties of WO 3 films deposited using two precursors, AT and PTA, are reported. The comparative study showed strong orientation of the crystallites along the (2 0 0) plane for PTA-based films which possess more crystalline components than AT-based films. W exists in W 6+ and W 5+ chemical states, inducing bonding defects. The results indicate that parameters such as crystalline component, crystallite size, roughness, thickness, morphology, absorption edge and oxygen vacancies strongly depend on the substrate temperature. The optimum substrate temperature for highly crystalline WO 3 thin films is 425°C. Various defects with different densities belonging to NUV, band to band, and blue and weak red emissions were observed from PL studies. Large variations in the resistivity values of the PTA-and AT-based films were observed indicating that PTA-based films are more resistive than AT-based ones; while the dielectric constant is higher for AT-based films compared to PTA-based films. The active surface area for the PTA-deposited films is apparently more than the AT-deposited films. In conclusion, PTA is found to be a more suitable precursor than AT to obtain crystalline and sub-stoichiometric WO 3 thin films for their probable application as gas sensors.
